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I. Introduction

On 26 March 1992, at the direction of the Chief, Vulnerability/Lethality Di-
vision (VLD),USABRL, a workshop was held to address problems related to
the evaluation of component Pg,y. To the extent possible, the workshop was
intended to employ the concepts and methods of Total Quality Management
(TQM). This report details the conduct and the results of that exercise.

A. The Problem

The problem to be addressed at the workshop arose in the vulnerability pro-
cess step called “Component Px,g”. In all high-detail vulnerability analyses
conducted at the BRL, the process of determining a damage state for the tar-
get consists of several steps. First, the functioning of the threat warhead is
evaluated. In the case of weapons such as blast warheads, this functioning
may cause a damaging environment at the location of a critical component of
the target. In the case of weapons such as a shaped charge, the functioning of
the warhead may cause a shielding component (e.g., the armor) to be perfo-
rated with subsequent impact of a critical component by the residual fragments
from the penetrator. Also, the penetration process may cause fragments to
be spalled off the back surface of the shield itself, and these fragments may
strike a critical component. In any case, the functioning of the threat war-
head, directly or indirectly, may cause a damaging environment to impinge
upon a critical component. Evaluation of the strength of that environment
is an important topic in terminal ballistics that is beyond the scope of this

paper.

However, having evaluated the strength of the potentially damaging environ-
ment at the location of a critical component, it remains to evaluate the prob-
ability that the environment will sufficiently damage the component to render
it ineffective (“killed”) for the purposes of the analysis. Techniques for accom-
plishing this crucial step have independently evolved in a somewhat haphazard
and inconsistent way in the various branches of the VLD (as well as throughout
the vulnerability world). The ramifications of this situation have been to pro-
duce component Pg,ys that may be quite subjective and analyst-dependent.

It was to alleviate this situation that Dr. Paul Deitz, Chief, VLD, BRL, di-
rected that a process action team (PAT) be formed to address the Component
Px i problem. The goal of the PAT was to formulate a program that would
provide the analytical tools necessary to evaluate component Py, values con-




sistently throughout the division.

The purpose of this report is to describe the activity of this process action
team, to record its results, and to comment on the efficacy of the process in
providing solutions to technical problems in an organization like the VLD.

B. Participants

Organization and facilitation of the process action team was effected by Dr. J. Ter-
rence Klopcic of the VLD. Administrative and logistical support and arrange-
ments were provided by Mrs. Barbara Snapp.

The first order of business was to identify the participants. To this end, a rough
sketch of the problem to be addressed and the method of solution was provided
to each of the six branch chiefs in the VLD. Each branch chief was then asked
to nominate two individuals from his branch that were knowledgeable in the
technical area (component Pg;y) and sufficiently senior to represent their
branch’s interests in the exercise.

The individuals who participated in the exercise, by branch, were:

a. Air Systems Branch (ASB)
e Walt Thompson
¢ Bob Walther

b. Ground Systems Branch (GSB)
e Chuck Huenke

e Larry Losie

c. Integrated Battlefield Assessment Branch (IBAB)
e Ed Davis

e Terry Klopcic




d. Logistic:! and Tactical Targets Branch (LTTB)
¢ Jim Hunt

o Loren Kruse

e. Systems Assessment Branch (SAB)
o Tyler Brown

o Rick Grote

f. Vulnerability Methodology Branch (VMB)

o Scott Henry

o Robert Shnidman

In preparation for the workshop, all participants were scheduled for the BRL
Quality Improvement Process (TQM) Sessions being given to all BRL employ-
ees by the BRL Quality Management Office.

C. Agenda

The workshop was held in a conference room at the Sheraton Inn in Aberdeen.
The one-day session began at 0800 and concluded at 1630.

In preparation for the workshop, the organizers had prepared a “strawman”
agenda for che session. The first order of business was to confirm the complete-
ness of the agenda. As decided by the workshop, the agenda for the exercise
was as follows:

I. Define the Problem

I1. Identify the Customer
111. Presentations Ly Branches of Current Methods
IV. Conceptualization of the Desired Solution

V. Identification of Tasks to Effect Solution




II. Definition of the Problem

Briefly, the problem to be addressed by the workshop dealt with the evaluation
of the status of a target component which has been subjected to the effects
of a damnage mechanism. While informal inter-branch cooperation has arisen
in places, there are not techniques for evaluating component status that are
generally accepted by all the brancnes. Utility codes to help evaluate com-
ponent status (after particular threat/component interactions) are scattered,
input data are incomplete and largely anecdotal. Evaluations appear to be
largely subjective and traceable only through the memory of the evaluator.

On the other hand, arriving at a problem definition that was sufficiently suc-
cinct for the cooperative efforts of thirteen individuals was not particularly
easy. In particular, there have arisen two markedly different descriptions for
the characteristics of the fragments that impinge upon components that are
interior to a target: one based upon fragment mass and speed and the other
based upon hole-making capability (“Direct Lethality™). Although recognizing
the inherent importance of fragment description in the component Py, prob-
lem and the eventual need to address the issue, the organizers also recognized
the potential morass into which the workshop could wander if fragment char-
acterization was incluaed in the problem definition. Thercfore, as part of the
workshop preparation, an agrcement was reached amrong various participants
and the Chief, VLD to treat fragment characterization as an input to be ad-
dressed later. It was in.portant to assure that all participants understood this
definition.

On the output side, it was also neces<ary to define the limits of the problem
to be addressed. First of all, it had to be made clear that tiie problem being
worked was to find/develop a common methodology for evaluating component
P/ the problem did not involve the component Py/y values themseives.

Apparently more confusing for some individuals was the difference between
componen Py;y and the effect that component loss had upon the target sys-
tem. Using terminology from a recent VLD report,! the three stages (levels)
cf vulnerability analysis and the operators that map points from one to the
other were reviewed. In that terminology, the 023 operztor - which quan-
tifies the functional importance of a particular component in overall system
performance - was specifically excluded from this workshop.

1] T.Klopeic, M.\ Starks and J.N.Walbert, A Taronomy for the Vulnerability/Lethality
Analysis F.ocess, BRL Report, recently released for printing



The result of this part of the exercise was a diagram, drawn on the “butcher-
paper”, similar to that in Figure 1.

The group went on to list the problems within the dashed box in Figure 1. In
particular, they listed:

1. Disjoint approach
2. Specific problemns common, with differences
3. Areas include fuel, ammo, crew

4. Development of tools/programs/algorithms must cover:

¢ What is a component

e Kill mechanisms

e Aggregation of mechanisms
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I1I. Identification of the Customer

The next action was to identify the customers for the methodology that was
to be developed. Influenced by the recent TQM training, the attention first
turned to the external customers. It was felt that the external customers might
include all the services, where the user would be at least a journeyman ana-
lyst. Mr. Jim Flint (Eglin AFB) was listed as an example of an external user.
The possibility of gaining eventual JTCG/ME approval was recognized. Addi-
tionally, coniractors,vehicle and aircraft manufacturers, and weapon designers
were recognized as potential users.

Interestingly, the identification of external users served a valuable role in com-
pleting the definition/bourding of the problem. In the discussion, the potential
customers that were disallowed made it clear that the effort was to be spent on
the development of an evaluation method, and not on evaluations themselves.

Of most importance, bowever, was the identification of the internal customer.
It was agreed that the (hypothetical, composite) internal (VLD) customer
is an analyst with some experience. The user would have seen and handled
damaged components and probably witnessed some live fire test shots. The
“core” methodology to be developed would be constructed for such an analyst.

In order to attend to the needs of the more inexperienced analysts, it was
decided that a “wrapper” may be constructed around the core Py, y program
to provide guidance, default values, etc. However, it was agreed that experi-
ence - and consultation with those who are experienced - was indispensable.
Therefore, a totally neophyte-level methodology would be ill-advised.




IV. Branch Presertations

The next agenda item was the presentation, by each branch, of its current
methods of evaluating its equivalent of component Px;y. This was a most
valuable exercise, tesulting in identification of tools that formed the start-
ing point for the proposed solution. This exercise also added to reaching a
common definition of the problem. For example, it was through the ASB pre-
sentation that it became apparent that the term Pp/y was used in ASB to

mean “Component Py, y".

Viewgraph presentations (scheduled for 20 minutes each) were given by ASB,
GSB, VMB, LTTB, and IBAB. In consideration of the time, SAB waived its
presentation, noting that its techniques were largely covered by GSB.

A short synopsis of the most salient points of each presentation foilows. Hard-
copy viewgraphs of the presentations are included in the appendices.

i. ASB The ASB presentation was broken into two parts: engines and
other components. For engines, algorithms have becn derived for relating
power loss to hole size in various engine sections. During the presentation, the
evaluation of Pp,y (Py/u) for other components by scaling froin actual firings
was discussed. A more detailed write-up on Pp,y evaluation is included with
the presentation viewgraphs in Appendix A.

. GSB GSB's basic tool for evaluating component Pyyy is COMPKIL.
However, since COMPKIL outputs are inappropriate for SQuASH, GSB has
worked with VMB (Shnidman) to adapt it for direct lethality (see below).
GSB closed with a List of issues:

¢ What is a component?
o What is meant by a component Py p?

There are deficiencies in COMPKIL.

o Always use (directionally) random hits?

The viewgraphs used by GSB are reproduced in Appendix B.




iii. VMB Bob Shnidman gave concise presentations on a couple of issues.
First, he reviewed the function of COMPKIL, the inputs for which are frag-
ment mass and velocity. He then went on to briefly describe the adjustments
made to make COMPKIL into PKCOMP, the outputs of which are SQuASH
compatible. Essentially, the two codes use penetration equations to calculate
the amount of component sensitive area that can be sufficiently “holed”. In
both cases, the user must input such information as presented areas, sensitive
areas and barriers. The codes differ in their peneiration equations ~ mass-
velocity vs. direct lethality.

As an aside, Bob also discussed the differences that he has found in peretration
equations used within the community. In particular, disagreement between
the predictions of the FATEPEN2 and THOR equat’ .s led to the associated
recommendation listed in section VI..

Bob then went into the VMB efforts. There are two major issues here: direct

_lethality, and the high resolution modeling in which VMB has implemented it.
The workshop organizer insisted on keeping these issues separate, since each
has potentially wide applicability independent of the other.

Under the direct lethality, Bob described the empirical formulae used to pre-
dict hole size vs. depth in a witness pack as a function of armor and impinging
threat. The portion of the formulism that corresponds to component Py y is
embodied in the function “K(t,h)", loosely definable as the sensitive area in
which a component kill will result from a hole of size h at depth of peretration
t. (Although specific details are beyond the scope of this report, it was signil-
icantly noted that K is a differential function; i.e. its value gives the increase
in total component vulnerable area with increasing t.)

Finally, Bob described the VMB work with high resolution modeling of compo-
nents. A viewgraph was shown of an electronic component that was modeled
down to the switches and circuit boards. The code hres.c has been developed
to analyze components at that level. Significant doubt was raised about the
practicality of modeling many of the components at the high resolution level
of detail, especially in those branches that require fast turn-around of foreign
(unavailable) vehicles. However, it was appreciated that the high resolution
modeling may be an excellent supplement/substitution for actual component
testing, with a concomitant savings in time and money.

VMB viewgraphs are reproduced in Appendix C.




iv. LTTB Jim Hunt followed with a description of PKGEN,? a computer
code that evaluates the Px/y of a three dimensional representation of a critical
system component. It was apparent that LTTB has also done a great deal of
work to automate component Pk, y generation. PKGEN appears to transcend
the “level” of COMPKIL and PKCOMP. The user can input information on
the geometry and construction of the component. In addition, PKGEN has
the ability to use BRL-CAD - described components to ease the Py, g analysis.
It allows a number of kill criteria, viz:

1. fragment mass and/sr velocity
depth of penetration

hole size

residual mass at depth

Kinetic energy and/or momentum transferred

L T R X

mass removal

PKGEN also allows combinations of the above kill criteria using the binary
operators AND and OR.

In addition, PKGEN also allows a number of options on the incident fragment
directions to be included in the analysis.

Of significant importance is the user-orientation of PKGEN. The code uses
windows, help screens, etc. to ease the use of the code by any analyst. Al-
though the code is currently implemented only for Silicon Graphics (SG) Work-
stations, it is written in C and, except for its SG-specific features, should be
quite easily portable to other machines.

The LTTB viewgraphs are reproduced in Appendix E.
v. IBAB Ed Davis then gave a brief, yet comprehensive, look at the per-

sonnel vulnerability methodologies, especially that encompassed in. the Com-
puterMan code. The two major observations from that briefing were: The

2James E. Hunt, Computer-Aided Methodology for Generating Component Probability of
K:ll Functions, BRL Report, in draft. See Appendix D.
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attendees (and hence, probably, the rest of VLD) were not aware of the so-
phistication and resulting wealth of data that have been achieved in personnel
vulnerability; and, in spite of the marked differences between (highly com-
plex) humans and other system components, the fundamental approach to
component Px/y was remarkably similar. In fact, Computer Man may be
the ultimate example of the high resolution component modeling espoused by
Shnidman, especially since the kill criteria are depth of penetration in the
body and critical hole sizes in various sub-components (organs).

Note, however, that the terminology used in the persennel vulnerability com-
munity is different than that used for materiel. In particular, the measure of
effectiveness of a penetrating injury is P;;y. When a crew member is consid-
ered as a component (e.g., in the analysis of a weapun system), the Py must
be interpreted as a component Py, y.

The viewgraphs used in the IBAB presentation are reproduced in Appendix
F.

vi. SAB The SAB representatives considerately waived their floor time,
noting that the time was running out and that the other branches had covered
the major issues and techniques used in SAB.

11




V. Desired Solution

The next phase of the workshop addressed the characteristics of a solution
to the component Py, y problem that would be of benefit to the envisioned
customer. The organizer began this phase by posting a “strawman” taxonomy
of the solution that he gleaned as the common elements from the foregoing
presentations. This process, corrected/amended by the group, then served
as the framework for identifying the specific actions that should be taken to

provide the desired solution.

A. Taxonomy
1. Considerations

A number of technical considerations arose in the process of amending the
taxonomy of the solution. Some of the salient points to be incorporated into
the solution include:

o Effects of multiple fragments (and other kill, damage and incapacitation
mechanisms) must be included in the new methodology.

o The new methodology must include - as an inseparable part of the output
- an “audit trail” that includes the analytical considerations, reasons and
assumptions made in the analysis.

e Since there is an intrinsic connection between a specific target descrip-
tion and its set of component Px/ys, there is an unavoidable trade-off
between target detail and component Pg;j; methodology. A most illus-
trative example is a comouter terminal whose soft part is the screen. If
modeled as a single component (“terminal”), directionality of the incom-
ing fragments is critical. However, if modeled as two components (soft
“screen” and harder “chassis™), the ray tracing inherent in the analysis
codes (e.g. SQuASH) will properly account for directional effects. The
major conclusion was that the component Py, analyst must be in the
“target description loop™.

2. Component Py y

A terse statement of the problem undertaken by the workshop is:

. Bl



Given a fragment or fragments impinging on a component, evaluate the prob-
ability that the component will be rendered non-functional (killed) or, in the
case of components such as ammunition and fuel, made to malfunction in such
a way as to become a cause for additional damage.

It was observed that, in the case of live fire tests of specific threats against
specific components {e.g. as conducted by ASB), the above statement IS
the process. The threat is launched at the component and the subsequent
component status is evaluated.

However, for analytical evaluation of component Pk, a more involved process
was identified. The amended process of the component Py g is:

0. Define the Component. The Px,yanalyst must know the physical regions
in the target description that define the component. (See comment on
trade-off between component Pg,y and target description, above.)

1. Input. Establish the criteria for killing the component. These might

include:

— Hole size at depth.

— Material removed.

- Energy or momentum deposited.

— Bending or jamming (currently empirical)
NOTE: All component kill criteria are time-dependent. For example, a
small fuel line leak might not constitute a target kill in five minutes but
would in five hours. (Of course, in cases such as catastrophic hits on

ammunition, the resulting system failure time may be nearly instanta-
neous.)

2. Input. Determine the sensitive areas. Techniques might include:

- High resolution modeling
~ “Calibrated eyeball” (as done for COMPKIL)

3. Code/methodology. Evaluate the criteria delivered by the threat. Algo-
rithms might include:
— For hole size and depth of penetration

* Penetrations equations.
* Direct Lethality.




“n
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— Basics physics for energy/momentum deposition.

- etc.

4. Output. The post-analysis presentation and output utilities might in-
clude:

- Data visualization (graphs, silhouettes, etc.)
— “Sanity checks against reality”.
— Easy (VLD-level?) database entry.
- Packaging of output for shipping.
\.\ * Assumptions, audit trail
» Formatting
* etc.

B. Needs/Solution

Guided by the above list (which was torn off and prominently hung on the
wall), the workshop identified the following needs to be addressed by the Chief,
VLD to solve the component Py, y problem.

1. Define the Component

1. Administratively, get the Pg /g analyst into the target description loop.
(This is already the default mode in LTTB and ASB in that most ana-
lysts take a system vulnerability study “from womb to tomb".)

2. If the analyst starts with an existing target description, he may, in the
process of evaluating component Py, ys, determine that more detail is
needed. (e.g. A component in the description is too diverse and should be
described as more than one component.) In such cases, an SOP should be
established so that the analyst can get the component upgraded quickly.

3. The concept of a utility code that would help the analyst make such
target description upgrades himself was specifically discarded. It was
universally felt that the existing codes (mged) and existing personnel
capable of using the existing codes were adequate, given the administra-
tive direction/priority.

4. REVISION CONTROL on target descriptions. It is essential that the
precise target description used in an analysis - accounting for any com-
ponent upgrades - be automatically recorded ar.d accompany the results.

14




2. Sensitive Areas

The workshop expressed a need for:

1. BRL-CAD - driven interface tool. This tool should give, cs a minimum:

¢ Presented areas of components

¢ Line-of-sight thicknesses

¢ HARDCOPY (from Laserprinters)

o Density

o Weights (7) (Possible value for shock kills.)

2. Library of component damage. This could include:

o Pictures
e Data

o (Expert) descriptions of analytical considerations

3. Museum of actual damaged components. This display, which could be
set up in a warehouse on “The Island”, would be invaluable to neophytes.
Included with each display item must be a description of the threat the
produced the damage.

3. Component Kill Criteria

1. Library of component damage, as above.

2. Database of kill criteria. This database must include:

e Component description - including dimensions

Component function being disrupted.
The failure mode. NOTE: This also includes the time-to-failure.

Target containing the analyzed component

Target description/version containing the component

The study for which the kill criteria were derived

Who did the criteria determination

How was it done (Calculation, experiment, engineering judgment)

15
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e Mechanism causing component failure

e “Pointers” to references, mged pictures, publications, etc.

The database must be easily updated.

IT MUST BE NOTED: The workshop felt that experimental data was
needed before this database could be fully filled.

4. Criteria Delivered

It was agreed that PKGEN, the code currently being used in LTTB, appeared
to offer an excellent starting point for the development of a code/methodology
for general VLD use. However, significant work would be required. This
included:

1. Augmentation for calculation of factors needed for the direct lethality
methodology; in particular, calculation of K(t,h)

2. Construction of utility code to read COMPKIL inputs
3. Expansion (future) for other kill criteria, such as multi-fragment criteria
4. Institutionalization, which includes:

o Establishing responsibility for code maintenance, adaption for other
terminals, etc
e Configuration control

o Distribution, both in and out of the BRL

It was also pointed out that the high resolution work now being done in VMB
should continue with an eye toward providing data in special cases and, more
routinely, providing calibration points for PKGEN. High resolution component
Prus could also be assembled into a library to be used as would a library of
experimentally measured values.

5. Output

1. Visualization tools. These should include:

o Silhouettes showing sensitive area in component

16
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o Graphs, tables and ranking of component Py, within a group
2. Packaging utility to meet the needs identified in section A., above

3. Component Py, y Database, which must include all auxiliary information
that accompanies the data.

4. Automated data preparation for above database.

17




VI. Other Observations/Recommendations
from the Meeting

During the course of the workshop, a number of recommendations were made
which, although not falling within the precisely defineq limits of the workshop,
were deemed important enough to be included in this report. These included:

e An introductory course for new employees in which they could actually
observe component damage would be an excellent complement to the
tools recommer.ded above.

e The VLD staff are generally ignorant of the progress that has been made
in personnel vulnerability. We should have a division colloquium on the
subject. (In subsequent discussions, it was brought out that such collo-
quia are successful only if the administration makes such a colloquium
“the business of the day”, requiring all personnel to attend and dispens-
ing other activities.)

e There are significant discrepancies between the predictions of the THOR
equations currently in use in the VLD and other penetration algorithms.
In particular, the FATEPFN2 equations have been used by NSWC,
Dahlgren and by DRI (on JTCG/ME-sponsored studies). These discrep-
ancies are particularly significant in the analysis of subsequent barrier
penetration. The VLD should conduct a study to carefully compare these
equations, relate them to experimental data, and adopt the more accu-
rate ones. Clearly, the ubiquitous influrnce of the penetration equations
in vulnerability assessments places ligh priority on this tasx.

o The sensitivity of vulnerability analyses to the choice of incident frag-
ment direction (random, upper hemisphere, specific direction, etc.) is not
generally known. Knowledge of that sensitivity could guide the a:nount
of effort to be placed upor directional considerations in PKGEN.
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VII. Summary

The Component Pk y workshop was conducted to recommend a program to
solve a particular VLD-wide problem. An ancillary benefit was to determine
the effectiveness of the TQM techniques being promulgated within the BRL.

A. Accomplishments

The workshop defined the problem and the process involved in reaching a
specific solution. Guided by that process, the workshop identified tools to be
developed that would result in a methodology for component Py/y evaluation
generally applicable throughout the VLD. These tools included:

¢ Databases for Sensitive Areas, Component Kill Criteria and Component
Pxyn. The possibility of combining these in.o one database was ob-
served.

e A museum of actual hardware for the training of inexperienced analysts.

e A general computer code, built upon the existing PKGEN, with aug-
mentations as noted.

B. Lessons Learned on Workshop Technique

1. Good

In general, the feelings of the participants the workshop were (as communicated
to the organizer) very positive. One of the more general observations was the
manifest benefits of inter-divisional communication. It was felt by some that
such communication was lacking in the VLD; “We don't always know what
the other branches are doing.”™ This problem is apparently exacerbated by the
current dispersion of VLD personnel.

There was general agreement that the workshop was quite a success. Unex-
pected agreement was reached on a solution to a fairly complicated and per-
sonalized problem. [t was also a source of pride to several that the workshop
was able to get as far as it did in a single session.
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The organizers feel that the size of the workshop was about right. Everyone
had a chance to express his views at any time without completely stopping
the flow of the meeting. Judging by the breadth of the discussions, it appears
that most significant points were presented.

The facilities and amenities were universally appreciated. This is solely to the
credit of Mrs. Snapp, whose efforts must be acknowledged.

2. Could Have Been Better

There were lessons to be learned as well. In retrospect, however, the organizers
recognize that the major lessons are no different than those pertaining to the
running of any confererce. Foremost of these was the need to stick a bit
more closely to the time schedule set out for the meeting. It is essential to
hold prepared speakers to their allotted time. Else, it is too easy to lose the
momentum generated at the onset of the session. This results in a “dead”
audience for the subscquent speakers and jeopardizes completion of the task.

It also became pretty quickly apparent that “the magic marker™ had to stay
in the hand of the organizer. Taking turns at the butcher-paper was an unfair
burden to place on participants who had not been involved in the planning,
tentative agenda preparation, etc.

At first, the amount of time needed to define (limit) the problem and define the
customer scemed excessive. However, in light of the clear necessity of limiting
this problem and the success in coming to a conclusion about the problem
once it was defined, the organizer feels that the time spent on agenda jtems |
and 2 was well invested.

3. Applicability of TQM
It was noted by the orgamzer that TQM is not so much a technique as it js an

attitude. That attitude, characterized by concern for the expectations of the

customer, was apparent in the workshop.

The TQM training given to the BRL lists five essentials of the Quality Process:

1. Quality is Consistent Conformance to Customer’s Expectations.




2. Measurements of Quality are Yhrough Indicators of Customer Satisfac-

tion versus Indicators of Self-Gratification.

3. The Objective is Conformance to Expectations 100% of the Time.

4. Quality is Attained through Prevention and Specific Improvement Projects.

5. Management Commitment Leads the Quality Process.

Rating the workshop on this scorecard, one would observe:

1.

It is impossible at this time to evaluate the degree to which the eventual
results of this workshop will satisfy the VLD customers. Attempts were
made at the outset to identify those customers and their desires. At
another level, a customer of the workshop was the Chief, VLD, who
commissioned it. An open presentation of the results of the workshop
is planned, at which time that customer satisfaction can be gauged.
However, the fact that the workshop did carry through to a product is
certainly a “plus”.

It is important that the implementation of the solutions developed in
the workshop continue to take the customers in mind. In particular,
it is essential that any codes and databases developed be user tested
throughout the VLD. Perhaps of more importance, it is essential that
projects undertaken to implement the solution be completed in a timely
fashion. It will not help anyone to have these tools become reality next
century.

. Same as 2

. This workshop was a specific improvement project, as recomnmended by

TQM.

Finally, most of management’s role remains to be shown. The idea for
the workshop and the provision of the facilitics was all done by manage-
ment. But that was a minimal investment. The proof of management's
commitment to the TQM process will show most elearly in the reception
and implementation of the workshop results, If the solution developed
by the workshop is acted upon by management - or, if not, if the reasons
for significant changes are shared in a cooperative way with the partici-
pants - those in the workshop will recognize that they were, in actuality,
“empowered”; i.e., they would then be:

a. Informed of the problem




b. Included, not only in words but in fact, in the solution

c. Authorizedto actually make decisions. The workshop was definitely
a DECISION-MAKING ACTIVITY. However, a decision ignored
isn’t worth many TQM points.

d. Equipped through the subsequent program to implement the solu-
- tion

e. Justified in having their expectations met.

That will be the biggest test of the TQM Process.




Appendix A

Pp;y Write-up and Briefing Package: ASB
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Pd/h development for aircraft targets depends upon the failure mode applica-
ble to a particular type of component.

For mechanical components, the primary failure modes are severance, jam-
ming, seizure and loss of mesh, and material removal. The failure mode “sev-
erance” applies to flight control linkages, hydraulic actuator input and output
links, drive shafts, and rotor blades. The failure mode “jamming” applies to
hydraulic actuator cylinders, flight control rotating components, and engine
components. The failure mode “seizure and loss of mesh” applies to gearbox
gears and bearings, swashplate bearings, and bearings in general. The failure
mode “material removal” applies to engine components, airframe structure,
and rotor blades.

For fluids, the prirnary failure modes are leakage, sustained fire, hydrody-
namic ram, and rupture. The failure mode “leakage” applies to fuel cells
and lines, engine fuel components, hydraulic iines, pumps, and reservoirs, oil
tanks, pumps, coolers, and lines, and gearbox housings and sumps. The failure
mode “sustained fire” applies to those components listed for “leakage” with
the exception of gearbox housings and sumps. The failure mode “hydrody-
namic ram” applies to fuel cells and hydraulic reservoirs. The failure mode
“rupture” applies to pressurized containers used for oxygen, nitrogen, etc.

For Aircrew, the primary failure modes are incapacitation by penetrating in-
jury and incapacitation by blast overpressure.

For ammunition containers, missile warheads, and motors, the primary faiiure
mode is detonation or deflagration of ordnance.

Development of a matrix of Pd/h values for each failure mode-component
combination is dependent on a number of factors. As the simpiest example,
“severance” is dependent on thickness of diameter, wall thickness, and load-
ing. A combination of penetration equations and simple algorithms is used to
determine the Pd/h values. Development of Pd/h values for sustained fire is a
more complicated process, since it is dependent on at least eight factors (See
following viewgraphs). However. these factors have been quantified for use as
-nput to Pd/h development, and are well documented.

The development of Pd/h values for all failure modes have as their basis test
firings, and are normally well documented in the Qualification Reports and
Joint Live Fire Reports pertinent to a particular aircraft.

For complex critical components such as engines or transmissions, multiple po-
tential damage effects and interactions are incorporated in the Failure Modes




and Effects Analysis (FMEA) which preceeds selection of Pd/h and Pk/h val-
ues. These values track the various damage effects which can be imposed on
the component, or separate parts of it, ranging from (for example) external
case perforation by light threats, internal disruption by increased threats up
to obliteration and secondary damage by thrown parts by heavy threats. Al-
though target availability historically lags behind emerging technology, new
systems usually retain some features or similarities of the old, and BRL pos-
sesses a large test data base to support Pd/h generation. Over time, a select
group of algorithms have been developed to quantitatively relate component
functional degradation to threat-induced kill criteria for particular compo-
nents. As appropriate, they relate component kills to critical hole-size, thresh-
old kinetic energy, leakage rate/fluid depletion, fuel ingestion tolerance, bear-
ing run-dry failure time, etc. Given the particular failure mode of critical
component is achieved (Pd/h), the probability of a particular type of kill of
the vehicle (Pk/h) is derived on the basis of component singly or multiply
vulnerable status, vehicle controllability in degraded condition, nearness to
the ground, and other factors, which are defined for the target in a specified
configuration in terms of Kill Boundary Curves.
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Appendix B

Briefing Package: GSB
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Appendix C

Briefing Package: VMB
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OUTLINE

[. INTRODUCTION & BACKGROUND
A. History
B. Algorithms VS Toois
II. THREAT SPACES

A. Mass & Velocity
B. Penetration & Hole Size
C. -Aspect (?)

III. DAMAGE MECHANISMS

A. Penetration - Penetration Equations

1. THOR .
2. FATEPEN2 ’
B. Shock
C. Others

IV. HIGH RESOLUTION AND INTERIM MODELS
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ALGORITHMS VS TOOLS

e Algorithms and Their Implementation
— Kill eriterion

4 — Penetration phenomena
— Damage aggregation

e Tools
— Graphies & component visualization

— Output visualization

— Input & output editing




THREAT SPACES

! e Mass & Velocity Advantages
‘ — Natural variables for test shots at components

— Can be used to calculate penetration and mass loss (& fragment
breakup) in a variety of materials II' shape and orientation are

known (or assumed)
/. — Easy to use to calculate air drag
— Natural variables for some threats
e Penetration & Hole size
— More directly measurable for behind-armor-debris

— Directly related to the primary kill mechanism for many il not
most components
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TABLE 1

COMPONENT

Crew

Ammunition
(including)
propellant

Fuel

Optics
{including
mounting

Electronics
(inclusive of
wiring antennae
and containers)

Main Armament

External
Running Gear

(including tracks,
wheels & Suspension)

Engine,
Transmission

Peripherals***
Cooling System
(including
hydraulics &

pipework)

NOTES:

DAMAGING AGENT**

Fragments
Blast

Heat

Light

Toxic Fumes

Fragments
Explosions
(Fratricide)

Main Penetrator
Fragments

Fragments
Blast, Shock

Fragments
Blast, Chock

Main Penetrator

Main Penetrator
Blast

Main Penetrator

Main Penetrator &

Fragments

Main Penetrator
Fragments

PAP/13 Sept/1

COMPONENT DAMAGE MECHANISMS

DAMAGING ATTRIBUTES

Number Mass & Velocity; Penetration
Peak Pressure; Time; Overpressure
Cal/sq.cm; Time

Intensity

PPM; Time

Number; Temperature; Impact Shock
Temperature; Overpressure;
Fragments

Energy; Pyrophoric Ability
Number; Penetration; Mass
Temperature; Airflow;

Ignition Sources; Formation of
Pool of Fuel

Number; Mass & Velocity

Impulse

Number; Penetration
Impulse

Penetration; Hole Size

Penetration; Hole Size
Impulse

Penetration, Hole Size

Penetration, Hole Size;
Number, Penetration, Hole Size

Penetration; Hole Size
Number; Penetration:
Hole $ize

*This tablulaticn is liable to modification by reference to new data

to be published in the KTA-13 Catalogue of Component Damage Data.

**Main penetrator has been excluded in cases for which it is wholly
lethal given a hit (e.g for crew).

***For instance, fuel pump, battery and oil filter.
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Figure 6. FATEPENZ2 Primary Penetrator Shapes and Dimensions.
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PRE-IMPACT IMPACT DEBRIS CLOUD RESIDUAL
FRACTURE DEBRIS
EROSION CLOUD

DEFORMATION

Figure 1. Characteristics of High Vzalocity Multiple Plate Penetration.
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COMPARISONS OF THOR & FATEPEN?2
THRESHOLD VELOCITIES
FOR MULTIPLATE PENETRATION

PLATE ARRAY: 1/32",1/32",1/16", 1/16", 1/8"

m VTH Ur4
(grains)  (ft/s) (ft/s)
5 plate
1000 3670 1196
4 plate
300 2996 1055
1000 1746 704
3 plate

30 5339 1909
100 2772 11389
300 1748 819

1000 1092 543
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Note: Ki11 requirement is hole size in sensitive cylinder,
not hole size in wall.

Figure 13. Cylindrical Sensitive Area Being
Struck by Attacking Penetrator
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45° ‘ .

(2) Aerial Cone

(3) Aerial Hemisphere (4) Horizontal Plane

45°

(5) Ground Hem{sphere : (6) Ground Cone

Figure 21. Types of Attack Considered Against Components
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HIGH RESOLUTION COMPUTER SIMULATION OF
MILITARY VEHICLE COMPONENT BATTLE DAMAGE

Robert Shnidman & Todd J. Fisher

U. S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, MD 21005-5088

"ABSTRACT

A criucai input to detailed point-burst computer
stmulation models of military vehicle vulnerability 1s the
probability i kill for ¢riticai components when they are
subjected to rhreats produced when the armor is defeated.
The primary threats considered are the residual penetrator
and fragments generated during armor perforation. Until
recentlv, the methodology of predicting component kills
has lagged behind other advances in the methodology of
estimating vehicle vulnerability. We have developed a
cemputer simulation model that starts with a high
resolution salid geometric model of the component.
Sensitive solid regions of the component are identified. A
region is considered sensiuve i direct mechanical damage
t> the region wiil affect the operation of the component,
or if the shock generated when the region is impacted wiil
damage a1 subcomponent anvwhere in the component.
Raycasting rechniques determine the total effective amount
»f material between outer surfaces of the component and
the sensiuve regions {or a farge numober of attack
direcuions and impact locations. The data thus generated
1s combined with the kiil criterion for each sensitive regicn
to calculate the probability of kill as a function of the hoie
sizes the threat produces after penetrating various
amounts of material. This representation of the threat s
provided by the Direct Lethality Model of the behind-
armor-debris  environment.  Threat attack direcuon
dependence may also be inciuded. Different kill
probabihities {or the different funcuons of multifuncuenal
romponents are considered. when needed. A final topic to
be presenrec i functienai representation of the resuits. 9
as 1o reduce the size of or compietely eiiminate the need
for, large cables as wputz © the vehicle vulnerabibty
codes

l. INTRODUCTION

Vulneracthiey ‘Lethahey (VL) estimation of miutary
Lardware has deen developed over the vears 1o a igh
degres »f =unhiztication and cempiexity (Dez 19901 For
around venicle svetems  three tvpes of analvsis procedqures
with their carresponding computer codes exist  In order of
eompiextty these are the  Compartment

wd Stochastic Poant-Burst methodologres

Jdamage estimates are needed only for the

mereasing,
Point-Burst
Component
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Point-Burst metnodoiogies. Figure 1 iliustrates the data
flow diagram for these methodologies highlighting the
effects of the internal vehicle components.

Munition Armor parameters Target
Parameters i Geometry

] % i

] e

—— Armor interaction ——— ;

H t
‘ \
L

} .
Residual penetrator
y
| Component interaction

i
|

Component { Component Pk
Pkh V

Svstem anaivsis g

. . V. i
Behind-armor-deoris L

.= |~ System Pk

!\

v 1 )

é Military value !

‘I assessment ‘
T . ,
! Mobility Shotline Pk
i Firenower
¢ Catastrophic /

= K

I
Weignted position
and aspect averager

!
b
| Vehicie Pk
k)
Figure 1. Greund Svstems Vulnerabiinty Assessment -

As seen in the fizure, munition parameters, armor

narameters, and veincle geometry are Inputs to an armer
interaction module that determines f the armor
perforated. and tf =2, predicts the state of the residuai

penetrator and the fragments that come irom the broken
armer and broken penetrator pieces.  This information



together with the target geametry, material codes. and
cemponent probabilities of Kill given a hit 15 used by the
component interacuion medule to compute the component
probabiiities of kill.  With the help of deactivation
diagrams. this information 1s integrated into system kill
probabilities which are then converted to loss of military
value. The muilitary less values are then averaged over the
expected vehicle hit location and munition arnival
direction.  As can be seen. a critical link in the \L
esumation process s the determination of the il
propability of entical components when hit by the residual
penetrators and by fragments generated when the armor s
deieated.

. PREVIOUS METHODOLOGY

The previsus methadology for estimating component
kil probabriities (Kruse and Brizzolara 1971} was
concerved two decades ago and has had only miner
revisions and extensions over its lifetime. Briefly, this
methodology consists of the {zllowing. Each component is
modeied as 1 six sided box. To each face of the box =
1ssigned 3 presented area and one of more instances of the
iollowing set. 1. a sensitive area, 2] a minimum hole size.
and 32 3 it of barrier thicknesses required to be
neriorated in order to reach the sensitive area along with a
materiai type :dentifier for each barrnier. Each face is then
sampled {rom five directions: normal to the face and four
directiens at 45 degrees. irom the normal - up, down.
sight. and  left.  Aleng each direction for celected
combinavions <f mass and speeds, THOR penetration
2quations iBailistic Research Laboratories 1961) are used
w5 Jdetermuine :f the fragment s capable =i reaching the
zensitive reqizn and preducing in it at least the minimum
hcie size. If these two conditions are met. the ratio of the
corresponding  sensitive area to presented area s
calculated These ratics are summed over each face and
averaged aver all of the faces. The probability i
component kil 1s taken to be equal to this average. A
technique {or correcting the sensitive area for the finite size
= the fragment s given i1n the reference.

This methodology has several shortcomings. The first

s that a2 =X sided box 15 3 crude model for most
:ampanents The second s that oniv a small number of
fragment irecticns are sampled and even these are not
spumail The third majer shortcoming 1 the usge ¢f a
penetrailcn predicticn merhodology that uses an average
‘ragment znape fuctor  The shape factor, & 1s defined bv
4= om™ i

witers 1 1g ine average fragment presented area. averaged

wver b fragments and  srientations.  and o s the
frazment masz Sinee the vninerability medeiing 1s highiy
nenineer seeraging varables 30 eariy in the

calcuiations oras Lo inaccuractes 1in the resujts

HE INPUTS TO THE IHGH RESOLUTION MODEL

The g Resointien Component Kill Methodology s

bazed i g cietaded hign resclution geometric description

e3

of the component together with baliistic resistance
characteristics and vulnerability nformation on the
internal parts of the component. Extensive sampling is
performed on the geometric model. and the form of the
sampling results are designed to smoothly mate with the
most current detailed probability density deseription of
the fragment threat. !n the remainder of this section we
tresent the inputs = the High Resolution Mode! and the
tools which aid in their preparauon. The {ollowing section
will describe the ferm of the current threat descripuion.
and the subsequent section will show how the component
probabilities of dvsfunction 1n the vehicle are calcuiated.

A. Geometric Modeling

At the heart of the current methodoiogy are the wools
required to produce accurate and detatled analvtical sohid
geometric models of components. The BRL-CAD package
{Muuss 1988) 1s, with 1ts MGED solid modeler. the tool of
choice for our purpese. The MGED modeier ts primaniy a
combinatoriai geometric modeier  That is. 1t builds
geometric objects -with boolean operations on basic
geometric primitives. The geometric primitives are cailed
zolids. and the pooiean combinauons of solids are called
regions. A reglon represents the smaliest piece of actual
geometry and 1s considered to be homogeneous. Each
region can be assigned i1ts own identification code. Regions
can be grouped into a hierarchical structure of groups.
and each group has an associated rotation-transiation-
verspective-scaling matrix. Regions can also be instanced
so that future changes w0 the region wiil automatically be
reflected in all the instances of that region. Construction
of mordets .- performed on a color graphics workstation
using 2 highly interactive user interface. Figure 2 1s a
transparent black and white rendering of a3 vehicle
component model dutit with MGED.

B. Geometric Interrogation Software

The MGED modeier produces a file contamming solid
parameters, the boolean rules {er forming regions, and
the group structures and their matrices. However, in
arder for applicauions to use the geometry, the proper
geometrical information must be extracted in the required
format. This 1s  accomplished with the model
interrogation software that consists of the rav-tracing
(RT3 Jibrary in the BRL-CAD package. Ray-tracing
censists™of solving f2r the intersection points of hines with
the region boundaries. At these intersection points.
suriace normais and curvatures may be calculated f
needed

A conventent code that allows easy interiace to the RT
library s calfed RIP {Moss 1988) Among the inputs to
RIP that one can speaiv either on the command line or
interactiveiv are: the idenufication codes for critical
rezions (the regions for which the intersections of ravs
:nould be caiculated), either singie ray firing conrdinates
and directions ar the specificavion of a grid =f ravs. ana
input and output tile names A\ conventent cutput format
i€ provided by RIP  An cutput of parucular interest for
<ur purpose 1s the fength of the line segments through the



Figure 2. Drivers Master Panel

critical regions or greups that form the criticai
-ubcomponents along with the identification codes of these
;2gions.

C. Sampling on a Sphere

Since the threats to components can come from any
direction in space. we need a means for sampling {rom
arbitrary  directicns.  T'wo approaches are possible:
uniform sampling or random sampiing. Since there does
not exist a regular poivhedra with more than twenty
vertices. 1t is impossible to uniformly samplie a sphere at
more than twenty points. If more points are desired, then
one must settle for peeudo-uniform sampiing. An
algorithm that we have used is as follows (Hanes 1991}
The spnere 1s divided into polar angle bands of equal
width and the number of samples in each band is
proportional to the sine of the polar angle of the band.
The samples are uniform in azimuth for each band.
however, the starung azimuth for each band is cheeen
randomiy

If completely random sampling on a sphere s desired
the following algorithm may be emploved. The arc cosine
»f 3 uniform random number frem one to minus ane
zhouid be raken for the polar angie. and a umizrm
randem number {rom zera to 27 should be taken for the
aztmuthal angle

Given the results we 2brain with the sample directions.
several aiternatives are possible. One 15 simpiy 3
uniformiy  average over all the sampled directions
Ancther possibility 1 o perform a weighted average
Jependent <n the expected attack distmbution. And a
final possitility 12 to retain the directional dependence ang
interpolate or tit a funcuen w the direcuional depenaence
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and have the vehicle vuinerability code pick the result for
the exact directions as needed.

D. Attributes File

In addition to the geometric deseription of the
component, other attributes of the component’s
subcomponents must be specified. These attributes are
related to the ballistic equivalence of the subcomponents
and to the vulnerability critena of the criucal
subcomponents. Specifically. {or each subcomponent the
following attributes are provided:

a material type code.

« 3 material fraction; that is, what {raction of the

subcomponent is not air,

« 2 minimum hole size a fragment must produce and a
minimum distance in the subcomponent that the
{ragment must penetrate to render the subcomponent
nonfunctional, and

for which function or functions of the component the
subcomponent Is critical.

We will see how all of this information 1s vsed to compute
the probability of component nonfunctionality after we
present 1n the next section the description form of the
threat fragment cloud.

IV. DIRECT FRAGMENT LETHALITY
A. Modeling Variables

The modeling of the fragment cloud produced when
armor is defeated by a penetrator 1s currently performed
in 2 semi-empirical wav. The number of varnables
required foe a complete description of the cloud s rather
large. and data-on-all of these variables 1s dificuit if not
impossibie to come by. One must then chose variables
that accurately describe the phenomena for the desired
purpose and for which good data can be obtained.
Previous practice was to use the fragment mass and
velocity and an average shape factor as given in Equation
(1) as the description variables. The drawback of using
average shape factors was discussed above. and difficulties
of using mass and velocity are related w the wav the data
1s coklected.

The current {ragment data collection technique is 10
place severai thin metallic sheets, referred to as witness
plates. behind the armor and then measure the {ocations
and sizes of the holes produced in these piates. Fragment
masses can be estimated from the sizes of the holes using
the average shape factor. However, since the exact
fragment shape and impact orientation 1s unknown, the
error in determination of the mass s rather large. Given a
mass estimate, an estimate »f speed can be made {rom the
number of plates pericrated. For the speed the
uncertainty of the determination is even greater than for
the mass. For these reasons a different set of variables and
description scheme was sought



_—_—

Since the primary kill mechanism for most components
i¥ penetration into semsitive regions, the present method
utilizes variables directly related to penetration and are
general enough to be of value for other damage
mechanisms  These variables are hoie size and depth of
penetration. {t is significant and important to understand
that the way we model with these variabies i1s o model the
hole size distribution that would be preduced as a function
+f penetration depth. That 1s, we do not attempt w
model how deeply a iragment penetrates but rather we
medel the distribution of holes sizes produced at a given
depth by fragments that penetrate at least this distance.
The reason for this madeiing approach is that it descripes
exactly what 1s observed on the witness plates. On the
witness plates we observe noles at given perforation depths
and have no way to accurately infer how deep a fragment
that produced a given set of holes in the plates could
penetrate. Moreover. this approach relates well to the
damage mechanism of producing holes 1n sensiuve regiens:
1. e., at given depths of penetration

B. Simplifving Assumptions

i. Penetration as e Function of Efective Line-of-Sight

A major assumpuon cresently used in the Direct-
Lethality Model 1s that the penetration process can te
modeled based on the tstal line-oi-sight of materiaj.
Equivalency factors are used to relate perforation in
different materials. With this assumption, the detaiied
configuration of the matier to be penetrated is neglected.
That 1s, we assume in the model that perforation of one
piece of matter or severai pieces of matter of the same
total thickness is identicai. At very high velocities and for
small fragments, this assumption has limited accuracy for
widely separated plates iue to the phenomenon «f
fragment breakup. With slower or more massive
iragments. we have shown that the equivalent line-oi-
sight assumption is a goad approximation. For most of
the lethal fragments 1n the behind-armor cloud. the
present assumption appears reasonable.

2. Fragment Hole Sizes as a Function of Effective Line-

of-Siqht

Another major assumpuon presently used is that the
distribution of hole sizes oroduced by the {ragment cloud
= a funcuon of the effective hine-of-sight and independent
o the detaiied configuration of the penetrated matter
Far smail fragments traveiing at extremely high speecs
this assumption  has limited accuracy, especially whnen
relating hard materials with soft ones

2. Symmetry of the Fragment Spatial Distribution

At present we assume that the number density of th
fragments 1= circulariy svmmetric about some axis in
rpace  Foar normal muniticn ncidence an homogeneous
armer this assumpticn can be ngerously justified. Tius
E3umption ACCUTACY 1N some  cases when the
mumtion atack obhiguity angle approaches high values
Nevertheless  {or the maest part this assumption has teen
found 1o he adequate T

ioses

[ins particular assumption s not
crucial for the Direct Lethainy Mode!l hut 1s made for the
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sake of conventence. [t could be relaxea when a suitable
means for doing so 1s found.

All of the assumptions of the Direct Lethality Model
are now under scrutiny at the BRL and in the
internationat arena.

C. The Form of the Direct Lethality \odel

The Direct Lethality Model has been deocumented
{Shnidman 1988 & 1988b) Here we recap the model
The density function is defined as {ollows First we define
the Weibuil probabihity density {uncuon <f variabie z
with scale parameter a and shape parameter J

3 V3

adr=2|E 1=
[l dz)=—l=lexp o) | {2

The Direct Lethality density funcuion can then be written

as:
I 3:
F(t]6.h € = Nexp|— o— f(ag3a8) [ la 3 h)i3)
where
a,--exp{a,-:’agt] c4
Js = = Jdat . 133
Og-exp[03+0,:+05€}. and 15}

3;"33%’34:"."35(_ ST

t 1s the effective line of sight thickness. 4 1s the angie
that a fragment trajectory makes with the average
trajectory of the {ragments. ¢ 1s the angie a fragment
makes with the shotline, and £ 1s the fragment’s induced
hole size. There are 13 free parameters n thiz model
They are V. a,, J, a, through™as, and J, through J
In practice we transform the first two parameters o two
other ones that show better shot to shot behavior. These
new parameters are the number of hoies that wouid be
made 1n a plate of a given reference line-ai-sight thickness
and the ratio of the number of holes that wouid be made
in two plates of different reference cumuiative line-of-sight
thicknesses. This density function gives the expected
number of fragments in the intervals 4 § + 48 and
ik h +_dhl at given values of ¢ and ¢, The parameters are
determined from data gathered aiter contreiled test shots
A maximum ltkelihood technigue determines the most
likely value of the parameters consistent with the data
Having so obtamned the parameters for the conditions of
each shot, the parameters themselves are modeied as a
function of the munition-target conditions therebv
providing 3 Giobal model of the debris cloud that wiii

predict 1ts  properties over a  range o nteraction
conditions:  such as.  rarget Ivpe. womposiuon.  and
thickness, impact obliquity. munmition size and velocity

and o on.



V. COMPONENT CONDITIONAL KILL

Given the inputs described in Section [II, we compute
the compenent condition kill, Pgy, for each sampling
ray. Pgy 1s the probability of kill given a hit on the
component.

A. Kill Funections

he results for arbitrarv averages, e g, over hit
focauion and. or attack aspect, require the construction of
functions from the individuai ray results. We first present
the analytic form of these functions and show how they
mate with the Direct Lethabtvy (unction. and then
describe 2 procedure for numerically building the
funcuons from the single ray values.

The first function needed 15 a function p(t) that is the
probability a total effective material thickness ¢ needs to
be penetrated t5 reach any sensitive region of any criticai

suceomponent. We require p{¢) to be normaiized. thatis,

X

Jort) gt =1 r2)
0

Fzr simplicity of the presentation, we assume simple
averages over ail hit locauiens and attack aspects. thus
sit11s shown without an aspect dependence.

The second function needed is a function kit A) that is
the probability of component kill given that the fragment
~an penetrate at least thickness ¢ and can procuce 2 hoie
size i at that vaiuve of ¢t and given that there :s a criticai
subcomponent at the depth of penetration ¢ [t then
follows that the average number of lethal hits on the
somponent is given oy

S F L8 hoe) plt) kML AD

Ny o= h in a)
L=} Ey— dh dt (*

where £ is c'ven in Equauon {3) and 22 1s the soiid angle
»{ the component subtended {rom the source of the
‘ragments  The probabibity of component kill (Pg) s
equai to the probabiitty of the component being nit by one
ar  more lethal frogments. Assuming & Poisson
distribution of fethal hits. the component Py is then
given by

Py =1~ eaxp(—=\.) 1104
B. Numerieal Construction of the Kiil Functions

A conceprually simple approach to the construction 2f
the xitl functiane starts with binning the variables ¢t and
i That 1z a number of vaiues of ¢ and & are chosen.
and whenever ¢ t2oa enitical resion s between twao of the
chosen values jor arav the corresponding bin for pii) s
incremented Hv nmity Likewise. whenever both ¢ and &
are hetween twa of therr chosen values respectively, the

Sarresponaing fwo shmenseanal bin s incremented by the
rav value of & The p bin values are then divided by the
';rmt number < ravs cast to >btain the proper averages
Similarty *he & btin values are divided by the

f_or."'SDCvnr:mq, p bin values  The ntegral in Equation (M
1« then pericrmed by osumming the integrand over ail o
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the bins. The only sigmificant computaticnal burden of
this approach for the generation of the p and the k
functions 1s the storage requirement f{or ail of the bin
values for ail the functions of all the critical components
For example. if we have 25 bins each for ¢ and k and the
cum of {unctions for the critical components 1s 400, thena
wtal storage of about 250K words 1s required This 1s not
a small amount of computer memory, but it can easily be
handled with exisung hardware. Major computational
power 1s. however, requirad for the vehicle vulnerability
code that uses the p and & {uncuons since the integrat in
Equation {9) must be evaluated in the innermost lcop =i
the code. This loop must process each spail ray from each
sample mumtion hit point on the vehicle and the number
of such spail ravs can approach the tens of mithons.

C. Functional Representation

Work s proceeding to fit the numericaily calculated
and k functions to analytical functions in order o simpiify
their uce and reduce data storage reguirements. At this
point. 1t 15 too early to make definiuve statements
However. based on verv limited results for real
components, 1t appears that at least the 7 function can be
represented as a constant times a power of ¢

VI. SUMMARY & CONCLUSIONS

In this paper we have briefly outlined the data flow for
vehicle vulnerability assessment and shown where the
effects of component damage esumaticn enter. Previous
technigues for esumating component dysfunction
probabihities and the hmitation of these techniques were
discussed.  Advances :n  analvucal schd geometric
modeling that form the basis of the High Resolution
simulaton, of component. damage were -presented along
with an outlme of . the “fofiware that interfaces o the
geometric models and extracts informauon thereirom
The Direct Lethality description of the threat fragment
cloud and 1ts assumptions has been described i1n sufficient
detatl to understand how this description 15 used in the
context of the High Resoiution damage model Two
component kill functions were defined, and an example
given on how to calcuiate them from the geometric and
subcompenent attribute information.  The integration
over whese kill functions multiplied by the threat fragment
densitv “funcucn then feads to the estumate of the
component probabiity of kil

To date we have impiemented a bare bones concept
demonstrater code to caiculate the two component kill
functions and have appiied this code o both 2 simple test
cace and to real components. The results appear to be
reasonable and consistent. [n the near future routines wiil
be added to current vehicie vulnerability estimation codes
to uttlize these functions Additional refinements w the
concept demonstrator code which correct {or the finite
{ragment size are presently being designed.

We are very pleased that the major improvement in
ssumating component battle damage described herein has
been {ormulated and implemented and ook forward to



seeing this methodology used to provide more accurate,
reliable, and credible vehicle vulnerability estimates.
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Abstract

Component probability of kill given a hit (Px;y) functions are crucial inputs for compo-
nent level vulnerability codes. Traditionally, Py functions were developed both empirically
using test data and analytically, either by hand or utilizing a simplified computer model.
Most often, developing Px/x functions for a particular vulnerability analysis consisted of
,searching similar past analyses to find acceptable existing component Pg;y functions.

To aid the analyst in Pk/y generation, and to attempt to standardize the process, the
compenent probability of kill given a hit function generator (PKGEN) program either quanti-
tatively interrogates existing components in a combinational solid geometry (CSG) database
utilizing raytracing techniques, or prompts the analyst for a qualitative description of the
component. In both cases, defeat criteria for sensitive areas of the component are supplied as
a function of the residual ballistic penetrator. These defeat criteria are typically penetrator
mass, velocity, hole size, surface area, residual penetrating ability, material removal capa-
bility, etc. Once geometric and criticality information are supplied, PKGEN either collects
threshold killing velocity datapoints for various penetrator striking masses or measures the
hole sizes and equivalent depth of penetration into steel needed to effect a kill. This data is
used to generate a basic component Py/y function useable by component-level vulnerability
models. A graphics window editor allows an analyst to interactively display and/or edit
these functions to better fit the data as necessary.
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Appendix E

Briefing Package: LTTB
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Appendix F

Briefing Package: IBAB
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Levels of Casualty Analysis

A. Weapon-Environment Level
e Weapon Characteristics
e Initial Conditions .

e Hit Probability

B. Individual Level - Given a Hit
e Injury Assessment

¢ Incapacitation Assessment
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ComputerMan Model

JLTIN = CompulerfMon =
Ouit FRONT 847y RIGHT
——15 - —3
S= +
=]

Features:
Simulates penetration process
Assesses resulting wounds,
Determines resulting disability, P(I/H)

or survivability

Single or multiple wound
Single, grid or point burst shots
Handles steel, Al, W frags
Graphical interface

Applications:
Specific/discre'e (not generalized) assess.

Vulnerability reduction (e.g., body armor)
Special analyses (e.g, partial pen.)

Methodology:
Specify initial conditions, nrojectile &

characteristics
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INPUT

OUTPUT

striking velocity wound description
projectile mass |:'> ComputerMan |:\J> limb dysfunction
) protective clothing Program incapacitation

articulated posture

survival probability

. hit focation

, ; 3 r
O .

Database Tools <]
Analysls Tools

Anatomical

Database

DISPLAY OF BOOY SYSTEMS

MULTIPLE WOUNDING

VULNERABILITY

PCAPACTTATION MORTAUTY
| o»

<

CROSS SECTIOM EDITING

Tpiwe-reiany

sssesneet
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DISPLAY OF BODY SYSTEMS

Circulatory

L1
4
s

Skeletal

123




LABORATORY COMMAND

US ARMY

Man may be placed in

BALLISTIC RESEARCH LABORATORY

Standing
Sitting
e (Crouching
Positions




ComputerMon
28

Section Number
Upper Abdomen
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Artery (internal mammary)
Artery (intercostol)

Lung (inferior lobe)
Vertebro (thoracic lemina)
Diophrogm (left)

Rib (obdominat)

Vein (ozygos)

Thoracic Duct
Pericardium

n
a
a
O
|
a
-]
a

e

- 64 Gawy

PR

Liver (exterior)

Muscle (obdomen)

Aorta (abdominal)

Vein (hepatic)

Artery (inferior phrenic)
Vein (inferior vena cova)

Stomach
Spleen

a
a
a
a
|
=
|

shatiine

Vertebra (thoracic spinal process)
Spinot Cord (T1-T12)

Vertebra (thoracic body)
Esophagus

Skin

Subcutanecus Tissue
Diophrogm (rignt)
Sternum

a
a
a

]
a
a
a
a
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PERFORMANCE

S

Methodoiogy for Determining
Performance and Survivability

/ Wound Track —\

Limb State = f(Tissue 1D, Hole Size) AIS = f(Tissue ID, Hole Size)
Look-Up Tables
derived from /
Limb State Expert Panels AlS Scores

for
Individual Wounds

for
Individual Wounds

Muttiple Wound Methodology Injury Upgrade Procedurs

Limb State
{for
Combined Wounds

Upgraded
AlIS Scores

SURVIVABILITY

Incapacitation = f (Limb State, Role) Survival Probabifity = f (AIS)

Functional Group Table

Survival Probability

Perormance Degradation
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